The electroweak contributions to the forward-backward asymmetry in the production of topquark pairs at the Tevatron are evaluated at O(α 2 ) and O(αα 2 s ). We perform a detailed analysis of all partonic channels that produce an asymmetry and combine them with the QCD contributions. They provide a non-negligible fraction of the QCD-induced asymmetry with the same overall sign, thus enlarging the Standard Model prediction and diminishing the observed deviation. For the observed mass-dependent forward-backward asymmetry a 3σ deviation still remains at an invariant-mass cut of M
Introduction
The investigation of the top quark at the Tevatron has substantially contributed to precision tests of QCD and the electroweak theory. Besides the valuable set of top-quark observables like mass, width, cross section, which are fully consistent with the SM, the measured forward-backward asymmetry A F B of top-pair production [1, 2] is larger than expected from the Standard Model (SM) prediction and has led to speculations on the presence of possible new physics.
Two options for the forward-backward asymmetry have been used in the experimental analysis, with the definitions 
and A pp F B = σ(y t > 0) − σ(y t < 0) σ(y t > 0) + σ(y t < 0) (2) given in [3] reporting the recent CDF result. ∆y is defined as the difference between the rapidity y t and yt of t andt where the proton direction defines the beam axis. ∆y (not y t ) is invariant under a boost along the beam axis, thus it is the same in the partonic and in the hadronic rest frame.
The recent values for the inclusive asymmetry obtained by CDF [3] are The LO predictions of the Standard Model originate from NLO QCD contributions to the differential cross section for tt production that are antisymmetric under charge conjugation [4, 5] , yielding values for A tt F B (A pp F B ) around 7%(5%) (see e.g. [6] ). The observed difference between the measurement and the prediction has inspired quite a number of theoretical papers proposing various new physics mechanisms as potential additional sources for the forward-backward asymmetry (see for example [7, 8] and references therein).
The importance of identifying signals from possible new physics requires a thorough discussion of the SM prediction and the corresponding uncertainty. At present, the theoretical accuracy is limited by the missing NNLO contribution from QCD to the antisymmetric part of the tt production cross section. Besides the strong interaction, the electroweak interaction gives rise to further contributions to the tt forward-backward asymmetry, through photon and Z exchange at the tree level as well as through interference between QCD and electroweak amplitudes at NLO in both interactions. Although smaller in size, they are not negligible, and a careful investigation is an essential ingredient for an improved theoretical prediction.
In this paper we perform a detailed analysis of the electroweak contributions to the forwardbackward asymmetry in tt production based on the evaluation of all partonic channels that produce an asymmetry both at the tree level and at NLO, and combine them with the QCD contributions. We apply the calculation to both types of asymmetries given above in (1) and (2) . Moreover, we present results for A tt F B also with a cut M tt > 450 GeV on the invariant tt mass as well as with a rapidity cut |∆y| > 1, for comparison with the experimental values given in [3] ,
where in particular the result for the high invariant-mass cut exhibits the largest deviation from the QCD prediction.
Calculational basis
At leading order the production of tt pairs in pp collisions originates, via the strong interaction, from the partonic processes→ tt and gg → tt, which yield the O(α 2 s ) of the (integrated) cross section, i.e. the denominator of A F B in (1) and (2). The antisymmetric cross section, the numerator of A F B , starts at O(α 3 s ) and gets contributions from→ tt(g) with q = u, d (the processes from other quark species, after convolution with the parton distributions and summation, are symmetric under y t → −y t and thus do not contribute to A F B ) as well as from qg → ttq andqg → ttq.
Writing the numerator and the denominator of A F B (for either of the definitions (1) and (2)) in powers of α s we obtain
The terms up to one-loop (D 0 , D 1 , N 1 ) have been calculated [9, 10, 11, 12, 13, 14] , [15, 16, 17, 18] , [5] , whereas only some parts of N 2 are currently known [19, 20] . The inclusion of the N 1 D 1 /D 0 term without N 2 would hence be incomplete, and we have chosen to use only the lowest order cross section in the denominator and the O(α 3 s ) term in the numerator, as done in [5] . Rewriting N and D to include the EW contributions yields the following expression for the leading terms,
where the incomplete O(α 2 s ) part has been dropped. In the following we (re-)evaluate the three contributions on the r.h.s. of (6) . 
In A F B (6) this leads to the termÑ 0 . The complementary symmetric cross section provides theD 0 term in the denominator, which does not contribute in the order under consideration. Interference of→ γ, Z → tt and→ g → tt is zero because of the color structure 1 . The O(α 3 s ) terms that contributes to N arise from four classes of partonic processes:→ tt,→ ttg, qg → ttq andqg → ttq. In the first case the origin is the interference of QCD one-loop and Born amplitudes; the other processes correspond to real-particle emissions. All one-loop vertex yield contributions to A F B which are numerically not important [5] . In order to analyze the electroweak O(α 2 s α) terms, it is useful to separate the QED contributions involving photons from the weak contributions with Z bosons. In the QED sector we obtain the O(α 2 s α) contributions to N from three classes of partonic processes:→ tt,→ ttg and→ ttγ. The first case is the virtual-photon contribution, which can be obtained from the QCD analogue, namely the O(α The essential differences between the calculation of the O(α 3 s ) and of QED O(α 2 s α) terms are the coupling constants and the appearance of the SU (3) generators in the strong vertices. Summing over color in the final state and averaging in the initial state we find for the virtual contributions to the antisymmetric cross section the following ratio, In a similar way, also the real-radiation processes→ ttg and→ ttγ (Figures 5 and 6 ) can be evaluated starting from the result obtained for→ ttg in the QCD case and substituting successively each gluon by a photon, yielding the ratios 
This guarantees the cancellation of the IR singularities stemming from the virtual contributions.
The O(α 2 s α) antisymmetric term from→ ttg comes from the interference of→ g → ttg ( Figure 3 ) and→ γ → ttg ( Figure 5 ). It can be obtained from the corresponding QCD result with the replacement of one gluon by a photon and the right couplings, as done in the case of→ tt. The only difference is the number of gluons to be replaced: in the→ ttg case they are only two instead of three as for the virtual photon contributions. The O(α 2 s α) antisymmetric term from→ ttγ comes from the→ g → ttγ diagrams in Figure 6 , and again it can be obtained from the corresponding QCD result for the gluon-radiation process→ ttg. Here we have a one-to-one relation between the QED and QCD diagrams.
Finally, we can relate the QED contribution to the antisymmetric termÑ 1 in (6) to the O(α 3 s ) QCD term N 1 for a given quark species→ tt + X in the following way, Now we consider the weak contribution toÑ 1 . It can be depicted by the same diagrams as for→ tt and→ ttg in the QED case, but with the photon now substituted by a Z boson, involving massive box diagrams. The result cannot be expressed immediately in a simple factorized way. We performed the explicit calculation including also the contribution from real gluon radiation with numerical integration over the hard gluon part.
Basically also Z-boson radiation,→ ttZ, can contribute at the same order. As our calculation has shown, it yields only a tiny effect of 10 −5 in A F B and thus may be safely neglected. The same applies to ud → ttW + as well as to Higgs-boson radiation. Weak one-loop contributions to the qqg and ttg vertices induce also axialvector form factors, which however yield vanishing interference terms with the Born amplitude for the antisymmetric cross section at O(α 2 s α) and are thus irrelevant.
Numerical results
The numerical analysis is based on the analytical evaluation of the required symmetric and antisymmetric parts of the parton cross sections and semi-numerical phase-space integration for the radiation processes with phase-space slicing, with support of FeynArts [21] and FormCalc [22] . This is done also for the QED subclass starting from the tt, ttg and ttγ diagrams, for comparison with the QED result obtained from (13) , showing perfect compatibility.
We choose MRST2004QED parton distributions [23] for NLO calculations and MRST2001LO for LO [24] , using thereby α s (µ) of MRST2004QED also for the evaluation of the cross sections at LO (a similar strategy was employed in [6] ). The same value µ is used also for the factorization scale. The numerical results are presented with three different choices for the scale: µ = m t /2, m t , 2m t . Other input parameters are taken from [25] .
The results for the cross sections from the individual partonic channels and their sum, yielding the denominator of A F B , are listed in Table 1 . The various antisymmetric terms entering the numerator of either of the two variants A Table 3 , and the corresponding contributions to the asymmetry in Table 4 .
As already mentioned, the QED part was obtained in two different ways based on the diagrammatic calculation and on the use of (13); the weak part results exclusively from the diagrammatic calculation. The ratio of the total O(α 
which are larger than the estimate of 0.09 given in [5] . This shows that the electroweak contribution provides a non-negligible fraction of the QCD-based antisymmetric cross section with the same overall sign, thus enlarging the Standard Model prediction for the asymmetry (the electroweak O(α Including the NLO term for the cross section in D would decrease the asymmetry by about 30%, which indicates the size of the NLO terms. In a conservative spirit one would consider this as an uncertainty from the incomplete NLO calculation (see also the discussion in [5] ).
We have performed our analysis also for applying two different types of cuts, one to the tt invariant mass and the other one to the rapidity: M tt > 450 GeV and |∆y| > 1. With those cuts, experimental data have also been presented in [3] . The cross section values for these cuts at LO are given in Table 2 . The various terms of the antisymmetric cross section contributing to N , as 
A comparison of Table 5 with Table 3 (a) shows that the ratio of the QCD contribution to the uū → tt and dd → tt subprocesses is larger with the M tt > 450 GeV cut, which leads to a slight increase of R (17) It is, however, not enough to improve the situation. Figure 8 displays the theoretical prediction versus data for A tt F B with cuts. The Standard Model prediction is inside the 2σ range for the |∆y| > 1 cut, but it is at the 3σ boundary for the invariant-mass cut M tt > 450 GeV.
Conclusions
Our detailed analysis of the electroweak contributions to the forward-backward asymmetry in tt production shows that they provide a non-negligible fraction of the QCD-induced asymmetry with the same overall sign, thus enlarging the Standard Model prediction for the asymmetry at the Tevatron. For high invariant masses, a 3σ deviation from the measured value still persists. The observed dependence of A F B on the invariant mass of tt could be an indication for the presence of new physics below the TeV scale; it is, however, difficult to interpret these deviations as long as the NLO QCD calculation for the asymmetry is not available. 
